The interaction of ethane and ethylene with a Cu-tricarboxylate complex was investigated, showing that at low loadings the lighter molecule has a higher binding energy as a result of interaction with framework Cu and H-bonding with basic framework oxygen atoms. This leads to the selective adsorption of ethylene at low pressure by a factor of ca. 2. This is overcome by the stronger van der Waals interaction of ethane at high loadings, explaining recent literature data. Both experimental data and single-component Grand Canonical Monte Carlo (GCMC) simulations were fitted well with the Unilan model and mixture isotherms were satisfactorily predicted by the Ideal Adsorbed Solution Theory when compared with binary simulation results. Both binary GCMC simulations and Ideal Adsorbed Solution Theory predictions yielded separation factors of ca. 2 and a difference in isosteric heat of 3 kJ/mol. The results suggest that the Cu-BTC framework offers a possible route for the separation of ethane and ethylene, a Holy Grail of adsorption.
INTRODUCTION
The separation of molecules such as ethane and ethylene is a challenge as their molecular dimensions are very similar. Recent studies suggest that metallo-organic frameworks (MOFs) (Yaghi et al. 2003; Kitagawa et al. 2004; Sagara et al. 2004; Matsuda et al. 2005) have much potential in this area, in part because of their highly porous open structure and also due to electrostatic effects associated with framework charges. In many cases, their open microporous structures have micropore diameters in the vicinity of 0.7 nm and can show a differential adsorption for similar sized molecules. For instance, in recent experimental (Wang et al. 2002) and computational (Nicholson and Bhatia 2006) studies, the highly porous MOF [Cu 3 (BTC) 2 (H 2 O) x ] has been found to show differing sorption properties for ethane and ethylene, with the latter being preferentially adsorbed by a factor of ca. 2 at low pressures (around 20-40 kPa). At higher pressures approaching atmospheric, the difference lessens.
Selectivity in adsorption may be attributed to the attractive structural properties of the MOFs; however, it is likely that electrostatic interactions play a key role in selective adsorption. In particular, unconventional H-bonding between surface oxygens and the C-H groups of chemisorbed complexes (Gao et al. 2003) , and of acetylene with the basic framework oxygens of a Cu 2 (pydc) 2 (pyz) MOF (Yaghi et al. 2003) , have been reported and interactions between the double bonds in the small molecule and the partially charged metal atoms in the framework have been suggested (Wang et al. 2002; Nicholson and Bhatia 2006) . Zhang et al. (2003) have reported on the adsorption of propane/propylene mixtures in NaA zeolite, where the fact that the adsorption energy for propylene was calculated to be higher than that for propane by ca. 10 kJ/mol was attributed to electrostatic terms.
In the work presented, we investigate the interaction behaviour of ethane and ethylene with a Cu-tricarboxylate complex, [Cu 3 (BTC) 2 (H 2 O) x ], by performing quantum mechanical calculations to elucidate the origin of the differences in adsorption. We then explore the single-component isotherms for ethane and ethylene by simulation using a Grand Canonical Monte Carlo (GCMC) scheme. Single-component experimental as well as GCMC isotherms are used to predict the two-component adsorption phase diagrams using the Ideal Adsorbed Solution Theory (IAST), and these are compared with the results from two-component GCMC simulations. The simulation results demonstrate that the Unilan model correlates single-component data satisfactorily, while the IAST can provide good predictions of binary isotherms.
AB INITIO AND MOLECULAR MECHANICS CALCULATIONS
Quantum mechanical calculations were performed on the framework structure and on ethane and ethylene using the DMol 3 program (Accelrys Software Inc., San Diego, CA, U.S.A.). The HCTH/407 functional (Hamprecht et al. 1998) , which has been shown to give good results for H-bonded systems, was used. Similarly, a double numerical basis set plus a polarization on the hydrogen atoms was used. A Mulliken population analysis was performed to obtain atomic charges which are shown in Figure 1 . The validity of these charges for the small molecules was verified by comparing the calculated quadrupole moment with experimental values from the literature.
Because of the size of the framework unit cell (containing 624 atoms), it was not possible to perform an energy minimisation of the whole structure including a small molecule. Therefore, the Discover program (Accelrys Software Inc., San Diego, CA, U.S.A.) was employed, using the charges calculated by the quantum calculations and van der Waals parameters from the built-in 608
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GCMC SIMULATION
GCMC simulations for ethane and ethylene in the metallo-organic framework [Cu 3 (BTC) 2 ] were performed using our code (Bhatia and Myers 2006; Kumar et al. 2006) , based on the established Metropolis scheme (Metropolis et al. 1953) . In this scheme, the number of fluid particles, N, and configurational energy, E, are allowed to fluctuate at constant temperature and chemical potential in a constant volume system defined by a simulation box. Random microstates are generated and sampled following the creation, deletion and displacement of fluid particles, with acceptance probabilities given by Adams algorithm (Adams 1974) . In the case of binary mixture simulation, additional moves involving identity exchange of randomly selected particles were also performed. Our simulations followed this commonly-used procedure, with properties estimated by averaging over the microstates and the density of each component in the system defined by the mean number of particles of that component per unit volume of the box. Two million equilibration steps and 8 million data collection steps were used in each run. Overall, the acceptance ratio for displacement was 85% and for creation/deletion between 6% and 11%. Isosteric heats were also estimated in the single-component case using the fluctuation formula (Nicholson and Parsonage 1982; Bhatia and Myers 2006) : (1) Here N and U are the number of particles and the total internal energy in any given configuration respectively, while 〈 * 〉 represents a configurational average. Variations in the isosteric heat reflect any heterogeneity in the gas-framework interactions, with a decrease in the heat of adsorption with loading indicating a wide distribution of gas-framework interactions, while an increase with loading indicates constant gas-framework interactions and cooperative interactions between the adsorbed molecules.
Since fugacity is the natural independent variable for GCMC, bulk fluid simulations were also performed to determine the corresponding bulk pressure using the virial expression (Bhatia and Myers 2006) . For the framework, van der Waals parameters based on a site-wise Lennard-Jones model were set from the OPLS force field (Jorgensen et al. 1996) as has been employed by other authors (Yang and Zhong 2006) . The charges used were those obtained from our quantum mechanical calculations. For the small molecules, rather than using a united atom representation as used elsewhere (Yang and Zhong 2006) , an all-atom representation was chosen to ensure that the hydrogen-bonding behaviour was captured. The charges were those calculated via our quantum mechanical calculations. Following a Lennard-Jones representation for each atom, the van der Waals parameters were initially set to values from the OPLS force field, but subsequently adjusted in order to better fit the experimental data (Wang et al. 2002) as discussed below in a later section.
For the two-component simulations, 50 million steps were run (15 million equilibration steps) with the fugacities of each component chosen so as to give the same overall pressure, but with varying proportions of the two components in the bulk phase. The simulations yielded the mole
fractions of the two components in the adsorbed phase. The mole fractions in the gas phase were again obtained via bulk fluid GCMC simulations.
ISOTHERM MODELLING
The Unilan model ( 
has been employed here to correlate experimental as well as simulation-based single-component isotherm data. This model considers a Langmuirian local isotherm with a uniform distribution of energies amongst a collection of independent sites on the solid. Here, q is the loading and P the pressure, q s is the saturation loading and K h an equilibrium constant determined at the mean value of ∆H 0 following
The magnitude of the mean value of the enthalpy change is given by (-
where E max and E min are the maximum and minimum values of -∆H 0 which is uniformly distributed between these limits, and the parameter s represents a heterogeneity parameter given by s = (E max -E min )/2RT = s 0 /2RT.
The saturation loading, q s , will also be a function of temperature:
where q 0 is the loading at a reference temperature T 0 and β is a constant related to the expansion coefficient of the adsorbate. These Unilan model data can then be used to predict the adsorption behaviour of the binary system. The Ideal Adsorbed Solution Theory was chosen since, in comparison to other models available in the literature, it is appropriate for systems of similar chemical composition (Valenzuela and Myers 1989; Al-Baghli and Loughlin 2006) . In this theory, the adsorbed mole fraction of a component, x i , is related to the mole fraction in the gas phase, y i , by: (5) where P is the overall system pressure and P 0 i is the pressure exerted by the single component under the same conditions as in the mixture. These pressures are related to the spreading pressure, π, by the relation:
where A is a constant. This can be evaluated by substituting the expression for q from the Unilan model [equation (2) both components must be equal and the sum of the mole fractions of the two components in each phase is unity; thus the adsorbed mole fractions can be obtained from a constrained minimisation. The separation factor can be calculated from these adsorption phase diagrams as: (7) where x corresponds to the adsorbed mole fraction and y to the gas mole fraction. The subscript '1' refers to ethane while the subscript '2' refers to ethylene. Figure 2 shows the minimised positions of an ethane and ethylene molecule with respect to the framework. The dashed lines in the figure show hydrogen bonding (calculated on the basis of the distance between the H and O atoms being < 2.5 Å). The ethylene molecule can form four symmetric hydrogen bonds to four oxygen atoms surrounding a copper ion, with H-bond distances of 2.16 Å.
SMALL MOLECULE INTERACTIONS
In comparison, the arrangement of the ethane molecule is less symmetrical, with larger bond lengths of ca. 2.4 Å. The C-H … O angle is 134°for ethane and 96°for ethylene, which are within the accepted range for weak hydrogen bonding (Desiraju and Steiner 1999) . Assuming that hydrogen bonding plays a significant part in the sorption of small molecules, the larger H-bond length for ethane suggests that C 2 H 4 may be selectively adsorbed. Previous authors (Wang et al. 2002) have speculated that the adsorption properties are related to interaction between the double bond in the ethylene molecule with the partially charged copper atoms in the framework. Figure 3 shows total self-consistent charge density plots for the two minimised configurations, calculated by DMol 3 on the small part of the structure illustrated. The iso-surfaces shown correspond to a charge density of 0.1 e/Å 3 in both cases and clearly show that stronger interaction is present for ethylene.
To quantify the difference in the behaviour of the two small molecules, the binding energy was calculated from the minimised structures for both molecules using DMol 3 . This was 6.55 kJ/mol for ethane and 8.68 kJ/mol for ethylene. At 295 K, this difference corresponds to a variation of 2.3 in the Boltzmann factor, in agreement with the experimental observed differences in the adsorption (Wang et al. 2002) difference calculated using the Discover program with the Compass force field was of the same magnitude although the absolute energies differed, suggesting that the trends observed in our force field calculation can give useful insights. Figure 4 shows the effect on the binding energies (calculated via the Discover force field approach) expressed per molecule as more molecules were added to the unit cell. Under these circumstances, the binding energy per molecule increases as interactions between the small molecules increase and at higher loadings the difference between the two molecules becomes negligible.
Also shown in Figure 4 are the electrostatic and van der Waals contributions to the binding energy. The electrostatic component for C 2 H 4 is greater than that for C 2 H 6 , which is to be expected if H-bonding and electrostatic interaction with Cu play a more important role in ethylene. Hydrogen bonding contributes ca. 1.5-times the interaction between Cu and ethylene, with this being relatively insignificant for ethane. Thus, whilst supporting the earlier speculation of the importance of the interactions of C 2 H 4 with Cu, the results also indicate the importance of the hydrogen bond. Furthermore, the overall trend of increasing binding energy with loading arises from the van der Waals component. To compare these results with the sorption data presented by Wang et al. (2002) , we note that a single molecule in the unit cell corresponds to a loading of 0.52 mol/kg. Thus the loading at which the difference between ethane and ethylene disappears is 5.2 mol/kg, which is similar to that observed experimentally.
Single-component GCMC calculations
A range of fugacities for the small molecule was chosen so as to calculate the sorption isotherm over the same range of pressures as for the available experimental data (Wang et al. 2002) . A series of simulations were performed, adjusting the van der Waals parameters of the small molecules from their initial values in order to reproduce the experimental single-component isotherm.
The final small-molecule van de Waals parameters for the simulation are listed in Table 1 , with the resulting isotherms being depicted in Figure 5 . Using reasonable choices for the van der Waals parameters, it was not possible to obtain a good fit to the experimental data over the whole pressure range. However, the parameters chosen agree well with the experimental data up to ca. 20 kPa, with the difference in the shape of the two isotherms being captured together with the increased adsorption of ethylene. There are several possible causes for our inability to capture the features of the isotherms over the whole pressure range. One possibility is that the presence of the adsorbate molecules induces charges on the framework. This was investigated by comparing the DMol 3 calculated charges on the framework both in the absence of small molecules and in their presence. Very little difference was observed for ethane; however, for ethylene the charge on the copper ion closest to the small molecule reduced from 0.46 to 0.26. To test the effects of these charge variations, GCMC simulations were run using the modified charges; however, the resulting isotherms were unaffected.
A second, more likely, explanation is related to the flexibility of the framework, a known feature of such coordination polymers (Kitagawa et al. 2004) . The GCMC simulations were run using fixed coordinates for the framework; however, it is probable that distortions in the framework caused by the presence of small molecules will affect the calculated loading, and so using fixed coordinates leads to an over-estimate of the adsorption at high pressures.
These data were fitted to the Unilan model. Figure 5 includes fits to both the experimental data and the GCMC simulations. It will be noted from the figure that the fits to the experimental data were better than those to the simulations, but in all cases the Unilan model provided adequate fits. A non-zero heterogeneity parameter was found in all four fits, as would be expected from the presence of several different interaction sites in the framework.
Although experimental data were only available at room temperature (298 K), it was possible to run single-and two-component GCMC simulations at different temperatures to test the IAST model predictions. Simulations were performed at 350 K and 400 K. The single-component results are shown in Figure 6 . The Unilan model was fitted to all temperatures simultaneously, assuming the temperature dependence of s, q s and K h as discussed above and good agreement was obtained. The resulting fitting parameters are listed in Table 2 , where the reference temperature for the evaluation of q 0 was chosen as 298 K. The value of this capacity parameter is somewhat higher than expected (~8 mol/kg), given the framework pore volume of 0.658 cm 3 /g (Wang et al. 2002) and the liquid-phase density of ethylene and ethane of ca. 0.33 g/cm 3 and 0.4 g/cm 3 , respectively, at 273 K. The larger value is clearly an artefact of the fact that for the data used the amount adsorbed was well below even monolayer capacity, so that short-range repulsive interactions which generally limit the adsorption capacity had little influence. Based on the surface area of ca. 1000 m 2 /g for this framework (Wang et al. 2002) and an adsorbate area of ca. 20 Å 2 for these adsorptives, a monolayer capacity of ca. 8.3 mol/kg may be estimated, which is well above the range of most of the data. Figure 7 shows the isosteric heats from the single-component GCMC simulations plotted against loading. The isosteric heats are in the range 22-30 kJ/mol, in agreement with the results from the Unilan fits, and it is clear that the isosteric heat for ethylene is higher than that for ethane under all conditions. At the minimum point this difference is ca. 3 kJ/mol. The isosteric heat decreases at low loadings, reflecting the different possible adsorption sites in the framework. Above a loading of ca. 2 mol/kg (which corresponds to ca. 20 molecules per unit cell), the isosteric heat begins to rise, indicating the cooperative effects related to adsorbate-adsorbate interactions. Figure 8 shows the results of two-component GCMC simulations run at a pressure of 20 kPa and a temperature of 298 K compared with predictions from the IAST model using the Unilan parameters from fits to both the experimental data and the single-component GCMC simulations. The two IAST predictions are similar, thereby reflecting the fact that the parameters were chosen for the GCMC simulations to fit the data at these lower pressures. It should also be noted that both are in good agreement with the two-component GCMC simulations. The separation factor at this temperature (for an equimolar mixture in the gaseous phase) was 2.1.
Two-component GCMC simulations
Snapshots from simulations at 298 K and two different pressures are shown in Figure 9 . At the lower pressure (5 kPa) there are 7 ethane and 12 ethylene molecules, whilst at 50 kPa there are 17 ethane and 54 ethylene molecules. It can be seen that the ethylene molecules are preferentially adsorbed at sites near the charged portions of the framework. Figure 10 shows the two-component GCMC results for all three temperatures simulated. The IAS model gives a satisfactory fit at these higher temperatures. As would be expected from a thermally activated process, the adsorption differences between ethane and ethylene diminish with increasing temperature. Figure 11 shows the separation factors as a function of ethane gas fraction. For the higher temperatures of 350 K and 400 K, the GCMC results showed a lower separation factor of 1.5 and 1.3 respectively, while the IAST predictions follow the same trend as the simulation results. 
CONCLUSIONS
At low pressures, a difference in binding energies between ethane and ethylene arises from a difference in the electrostatic interactions. Ethylene exhibits higher hydrogen bonding and also an interaction between the double bond and neighbouring charged parts of the framework. At higher pressures (i.e. at higher loadings), the stronger fluid-fluid interactions for ethane overcome the difference in the electrostatic part of the binding energies. This leads to specific adsorption at low loading. This suggests that the use of these metallo-organic frameworks for the separation of small molecules will be more practical at low pressures. The GCMC simulations yield a separation factor of ca. 2 at room temperature and low pressures (0.2 atm) which is insufficient for practical applications. The selectivity decreases with increasing temperature and pressure. Other authors have reported similar results for selective adsorption in other systems (Al-Baghli and Loughlin 2006) where the selectivity is higher, suggesting that the investigation of other frameworks would improve this process.
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